Ammonia has promising features as a carbon-free fuel without greenhouse gas emission. However, due to its low combustion intensity, the combustion characteristics of ammonia have been rarely investigated. The design of ammonia based industrial applications requires the development of effective turbulent ammonia combustion models. Thus, a study of the flame stretch effect in ammonia/air premixed combustion is necessary. The objective of this research was to study the ammonia flame extinction stretch rate both experimentally and numerically and to investigate the effects of pressure on its extinction characteristics. Experiments were conducted using a counterflow flame burner. Numerical simulations were run on CHEMKIN-PRO, using the PREMIX opposedflow model, for various detailed chemistry mechanisms. The effects of pressure on the extinction stretch rate of ammonia/air premixed flame were compared with that of methane/air flame, and the effects of pressure on the detailed reaction paths were clarified. It was found that the extinction stretch rate of ammonia/air flame is low compared with that of methane/air flame, as could be expected from its low laminar burning velocity. However, the increase of extinction stretch rate with pressure was found to be greater in the case of ammonia/air flame. From detailed chemistry analysis, it was found that the different dependence on pressure of the reaction path of the two fuels could explain this difference. Indeed, the heat release process and flame strength are affected by a greater dependence on pressure of the reactions contributing the most to heat released in the case of methane/air flame. For methane/air flame, CH3 is consumed in the main heat releasing reactions, and they experience competition by the third body recombination, 2CH3+M⇋C2H6+M at high pressure. In the case of ammonia/air flame, the heat release process is mainly related to NH3+OH ⇋ NH2+H2O, NH2+OH ⇋ NH+H2O and NH2+NO⇋N2+H2O, which remain preponderant when pressure increases. Thus, the decrease of characteristic reaction time with pressure was found to be greater in the case of ammonia/air flame, explaining a larger increase in extinction stretch rate when pressure increases.
Introduction
Energy supply has become a major concern in recent years. Increasing needs of emerging countries, depletion of fossil fuels and increasing greenhouse gases emissions are the big challenges of today. Presently, worldwide energy is mainly produced from fossil fuel combustion. Even though renewable energy, such as wind or solar energy, are promising, they do not allow us to meet to the current worldwide demand. The use of waste valorization, through biofuels, is another alternative to common hydrocarbon fuels. In the context of pollutant emission reduction, and because ammonia (NH3) is one of the main nitrogen source of fuel NOx in coal combustion (Mendiara and Glarborg, 2009 ) and in biomass-derived gases combustion (Sukumaran and Kong, 2013) , the study of NH3 combustion mechanisms is essential. Moreover, NH3, like hydrogen (H2), is a carbon-free fuel which can be used for direct combustion. Compared with H2, NH3 storage and transport can be achieved more safely and at a lower cost. NH3 combustion, especially the production mechanisms of fuel NOx, has been studied under various conditions (Miller and Bowmann, 1990) , (Skreiberg et al., 2004) , (Mathieu and Petersen, 2015) , (Song et al., 2016) . However, few studies have been done on the extinction stretch rate, as well as on the effects of stretch and pressure on NH3 flame stability. Those phenomena are critical when considering the design of gas turbines. Indeed, those applications are run at high pressure and flame is turbulent and sensitive to stretch. Thus, study of flame stretch effects is necessary for turbulent combustion modeling.
The purpose of this study was thus to observe the extinction stretch rate of NH3/air counterflow premixed flames (twin flames) under various pressures. To obtain a clearer understanding of the extinction mechanism of NH3/air premixed flame, it was also compared with methane (CH4)/air premixed flame, and analysis based on detailed chemistry was performed. Figure 1 shows a schematic of the experimental apparatus used in this study. NH3 and air are measured using calibrated mass flow meters (KOFLOC, Model 3760 and 3765). NH3 and air are initially premixed. The mixture then flows out through the opposed burners of the counterflow flame setup. The burners outlet diameter is 10 mm, and the upper and lower burner outlets are separated by a distance, L, of 10 mm at 1 atm. The distance L is set at 5 mm at 5 atm to reduce the outlet velocity and prevent transition to turbulent flow. Extinction is achieved by gradually increasing the flow rate or changing the equivalence ratio. The nominal extinction stretch rate, , , is then evaluated by widely used Eq. (1) based on potential flow assumption (Law, 2006) , (Takita et al., 2006) 
Methods 2.1 Experimental method
where is the mixture velocity at the outlets of the burner. The value of is corrected as velocity gradient upstream of the preheating zone by taking into account the effects of burner geometry and the difference in L at 1 atm and 5 atm using the following empirical Eq. (2) given in previous paper (Kobayashi and Kitano, 1991) .
The velocity profile at the burner outlet is expected to be uniform, even for a small L of 5 mm at 5 atm because burning velocity of NH3/air flame is low and thus burner outlet velocity is sufficiently low.
To ensure better accuracy in measurement, the extinction stretch rate is obtained using two methods. In one, the fuel flow rate is modified by closing valve A (Fig. 1 ) while keeping the air flow rate constant near rich and lean extinction limits. In the other, the global flow rate is increased by closing valve B (Fig. 1) in the tube line connected to a gas meter while keeping the equivalence ratio constant around stoichiometry. Colson, Hayakawa, Kudo and Kobayashi, Journal of Thermal Science and Technology, Vol.11, No.3 (2016) 
Numerical method
Numerical simulations were performed on CHEMKIN-PRO using the PREMIX code for opposed-flow flames configuration (CHEMKIN-PRO, 2011) . Detailed chemistry mechanisms of Miller (Miller et al., 1983) , Lindstedt (Lindstedt et al., 1994) , Tian (Tian et al., 2009 ) and GRI-Mech 3.0 (Smith et al., 2000) were used. As those mechanisms were not specifically developed for NH3/air combustion, and in order to speed up the calculation, species including carbon atoms and the associated elementary reactions were removed from Miller's, Lindstedt's and Tian's mechanisms, keeping only species and elementary reactions including nitrogen, hydrogen and oxygen atoms. Extinction was obtained numerically by iteratively increasing burners outlet velocity, while keeping the equivalence ratio constant, until the maximum burner outlet velocity implying extinction was obtained within an accuracy of 0.1 cm/s. The extinction stretch rate in the present numerical simulation was determined by taking the maximum axial velocity gradient upstream of the flame (Law et al., 1988) under conditions of extinction. In remainder of the paper, NH3/air premixed flame and CH4/air premixed flame are denoted as NH3 flame and CH4 flame, respectively.
Results and discussion

Extinction stretch rate
The extinction stretch rate was observed experimentally and obtained numerically for various equivalence ratios at 1 atm and 5 atm. Results at 1 atm are shown in Fig. 2 . It can be seen from this figure that the extinction stretch rate, εext, of NH3 flame is low, with a maximum around 100 s -1 for φ = 0.95. The numerical results are also plotted for the detailed mechanisms of Miller (Miller et al., 1983) , Lindstedt (Lindstedt et al., 1994) , Tian (Tian et al., 2009 ) and GRI-Mech 3.0 (Smith et al., 2000) . Numerical results show the same variations in terms of the effect of equivalence ratio; however the magnitude of εext varies extensively depending on the reaction mechanism. The large discrepancies observed might be attributed to the inadequate reaction parameters of the present models for NH3 combustion, especially near extinction. Among those mechanisms, Tian's mechanism agrees satisfactorily with experimental results.
On the basis of the observations stated above, Tian's mechanism is chosen as the reference mechanism on which numerical simulation for NH3 flame is performed in this study. To understand the particular characteristics of NH3 flame, the NH3 flame extinction stretch rate was compared to that of CH4 flame as a well-studied fuel. Numerical simulations were run over a wide range of mixture equivalence ratios and pressures, using the GRI-Mech 3.0 detailed mechanism. Results are plotted in Colson, Hayakawa, Kudo and Kobayashi, Journal of Thermal Science and Technology, Vol.11, No.3 (2016) It is initially noted that the extinction stretch rate of NH3 flame (100 s -1 ) is around 20 times lower than that of CH4 flame (2000 s -1 ) at 1 atm. This difference might be understood given the large difference in their laminar burning velocities, around 7 cm/s for NH3 flame and around 37 cm/s for CH4 flame for stoichiometric conditions (Hayakawa et al., 2015) . From Fig. 3 , it is noted that the increase of the extinction stretch rate, εext, is large in the NH3 flame case, with the maximum value becoming almost 4 times greater (400 s -1 at 5 atm). It can be seen that overall, the increase in εext of NH3 flame is two times greater than that of CH4 (4000 s -1 at 5 atm). Although the extinction stretch rate for NH3 flame is still smaller that of CH4 flame, such difference in flame stretch when pressure increases is noteworthy and an interesting characteristic of NH3 flame, especially in the context of the development of high-pressure turbulent combustion practical applications.
Karlovitz number and characteristic reaction time
In order to analyze this difference in extinction stretch rate between NH3 flame and CH4 flame, effects of pressure and kinds of fuel on the Karlovitz number were studied. The extinction phenomenon is usually discussed based on the Karlovitz number, which can be defined as the characteristic flow time, , over the characteristic reaction time, . is defined as the inverse fluid dynamic stretch rate, 1/ε. It is known that flame extinction occurs when the Karlovitz number is of the order unity, i.e., when the order of and are the same. Then at extinction
In the thermal theory of 1D premixed flame (Linan and Williams, 1993) , the mass conservation through the flame is written as = , (4) where is the density of the unburned mixture, SL is the laminar burning velocity, is the overall mass reaction rate and is the thickness of the reaction zone. In this case, the characteristic reaction time, is written as = .
(5)
From Eqs. (4) and (5) and energy conservation in the flame zone, not written here, characteristic reaction time, , is written as
where α is the thermal diffusivity of reactants. Equation (6) is often used because can be simply estimated using the property of the mixture and the laminar burning velocity.
However, this definition assumes a simple one-step reaction and constant thermal properties. When using detailed chemistry, the definition of the overall reaction rate, , is complicated because a variety of species exists in the flame zone and production and consumption of those species occur simultaneously. Laminar burning velocity is obtained as an eigenvalue of a set of conservation equations and elementary reactions. Therefore, in this study, a method to calculate characteristic reaction time based on heat release rate of each elementary reaction is proposed. Based on the same principle as Eq. (4) as for energy conservation, the following equation is used:
where h is the heat of combustion for unit mass of unburned mixture [kJ/kg] that can be calculated from the standard enthalpy of formation of the different species, $ [kJ/kg⋅s] is the overall heat release rate by unit mass of the mixture in the flame zone and $ is the thickness of the heat release zone. Again, based on the same principle as Eq. (5) 
where Yi and Yj are mass fractions of species i in the unburnt mixture and species j at the rear edge of the heat release zone, respectively. ℎ ) and ℎ +* [kJ/kg] are standard enthalpies of formation of species i by unit mass in the unburnt mixture region and species j at the rear edge of the heat release zone, respectively. $5 [kJ/m 3 ⋅s] is the heat release rate of elementary reaction k, including both exothermic and endothermic reactions. and are density and heat release zone thickness, respectively. In this study, the integration domain starts at the point where net heat release becomes greater than 1% of its maximum value, and ends where net heat release becomes lower than 1% of its maximum value.
The characteristic reaction time for the numerical simulation with detailed chemistry of NH3 flame and CH4 flame is thus calculated using this methodology on the basis of 1D freely propagating premixed flame for a stoichiometric mixture. Comparison between the characteristic reaction times obtained by Eqs. (6) and (8) is also performed. In the latter case, the laminar burning velocity of NH3 flame is calculated using Tian's mechanism and that of CH4 flame is calculated using GRI-Mech 3.0 for various pressures.
The species considered for Eq. (9) are NH3, CH4, O2, and N2 in unburnt gas. The burnt gas species are chosen based on the criterion that they represent at least 0.1% of the maximum mass fraction obtained at the end of the integration domain of the heat release zone. These species include N2, H2, O2, H2O, CO2, CO, NO, OH, O and H. Characteristic reaction times are calculated for various pressures and shown in Fig. 4 . Colson, Hayakawa, Kudo and Kobayashi, Journal of Thermal Science and Technology, Vol.11, No.3 (2016) There is almost one order of difference between the characteristic reaction time obtained by the two methods, i.e., Eqs. (6) and (7). The inverse characteristic reaction time, 1/ $ , is about 105 s -1 at 1 atm and 330 s -1 at 5 atm, which is close to the extinction stretch rate obtained in this study for NH3 flame experimentally and numerically, meaning the method for estimating the characteristic time is adequate. The decrease in characteristic reaction time with pressure is seen for both NH3 flame and CH4 flame. It can be seen from Fig. 4 that the decrease with the pressure of reaction time is greater for NH3 flame (decreased by around 4 times between 1 atm and 10 atm) than for CH4 flame (decreased by around 2 times between 1 atm and 10 atm). This greater decrease in reaction time for NH3 flame than for CH4 flame is consistent with the significant increase in extinction stretch rate of NH3 flame.
The above discussion means that the greater increase in extinction stretch rate with pressure for NH3 flame compared to CH4 flame is due to the significant decrease in characteristic reaction time, and the method to estimate characteristic reaction time based on heat release rate proposed in this study is appropriate in terms of consideration of detailed chemistry. In the following section, the effects of pressure on NH3 combustion reaction mechanism is investigated, focusing mainly on heat release rate profiles by elementary reactions.
Discussion on chemistry
On the basis of the characteristic reaction time calculated in the previous section, a comparative detailed analysis of the reaction chemistry and the heat released in the flames was conducted to highlight the origin of such different behavior between NH3 flames and CH4 flames. This study was done using the 1D freely propagating PREMIX flame model on CHEMKIN-PRO, with Tian's detailed mechanism for NH3 combustion and GRI-Mech 3.0 for CH4 combustion. Special attention has been paid to the reaction leading to characteristics of heat release and thus flame strength. CH4 flame chemistry has been widely studied in the past, as for example by Miller and Bowmann (1989) and Law (2006) . However, some of the main features of the flame will be shown here in order to set a reference on which the NH3 combustion mechanism can be compared. In the case of CH4 flame, the main heat release is produced through elementary reactions O+CH3⇋H+CH2O, OH+CO⇋H+CO2, H+CH3+M⇋CH4+M, O+CH3⇒H+H2+CO and OH+H2⇋H+H2O as presented in Table. 1, where HRR denotes the mean heat released rate by reaction. Contributions of each elementary reaction are represented in Fig. 5 which shows the CH4 oxidation reaction path as presented by Law (2006) . Figure 6 shows the flame structures of the NH3 flame and the CH4 flames where RoR denotes the rate of reaction and RoP the rates of production of main intermediate species. In CH4 flames, the main contributors to heat release are related to CH3 intermediate consumption. CH3 radicals are essential in CH4 flame. They are produced in the upstream reaction zone owing to the two quick reactions H+CH4⇋CH3+H2 and OH+CH4⇋CH3+H2O with a low contribution to heat release (around 4%), as represented in Fig. 6a . CH3 is then consumed mainly through O+CH3 ⇋ H+CH2O, OH+CO⇋H+CO2, H+CH3+M⇋CH4+M, O+CH3⇒H+H2+CO and heat is released. A radical pool, mainly H and OH, is then formed in the downstream reaction zone, as it can be observed in Fig. 6b Colson, Hayakawa, Kudo and Kobayashi, Journal of Thermal Science and Technology, Vol.11, No.3 (2016) In the case of NH3 flame, the main contributors to heat release are NH3+OH⇋NH2+H2O, NH2+OH⇋NH+H2O and NH2+NO⇋N2+H2O, as summarized in Fig. 6d , e, f and Table 2 , the first one being the preponderant one. Similar to the case of CH4 flame, those reactions are represented with grey arrows in the reaction path in Fig. 7 . In the case of NH3, the flame structure is centered on the consumption/production of the NH2 intermediate. More than 80% of NH2 is produced from reaction NH3+OH⇋NH2+H2O. It is then mainly consumed downstream of the reaction zone to produce NH and other intermediates leading to N2 formation. A radical pool is also formed downstream of the reaction zone. It is noteworthy to see here that OH and H production rate proportions are reversed compared to the case of CH4 flame, Figs. 6c and 6f. OH is also preponderant in the heat release process as it appears in 2 of the 3 main contributors to heat released previously mentioned, which is one of the specific features of NH3 combustion chemistry. Those main features being clarified, the effects of pressure on both reaction paths are then observed. Results are summarized in Tables 3 and 4 , respectively, for CH4 and NH3 flames. Evaluation of change in the reaction path is done by indexing the rate of each reaction on the ones leading to the first H dissociation from the fuel. These reactions are OH+CH4⇋CH3+H2O, H+CH4⇋CH3+H2 and O+CH4⇋OH+CH3 for CH4, NH3+OH⇋NH2+H2O, NH3+H⇋NH2+H2 and NH3+O⇋NH2+OH for NH3. Those reactions are indeed the fastest in both mechanisms, independent of the pressure effects. Reactions are gathered in a sub-path according to observations done at 1 atm and presented in Figs. 5 and 7.
From Table 3 it can be clearly seen that in the case of CH4 flame, reactions from CH3 to CH2O and CO become less preponderant when pressure increases, while the sub-path leading to C2H6 becomes quicker. This change in chemistry is related to the third body recombination reaction, 2CH3+M⇋C2H6+M, which is emphasized when pressure rises, and competes with the other reactions of CH3 consumption. Because those reactions are main heat contributors, the fact that they face competition when pressure rises can explain to some extent the strong dependency in pressure of the CH4 burning velocity, which is evaluated from numerical simulation at P -0.45 . In the case of NH3 flame, it can be seen from Fig. 7 Reaction path of NH3 flame at atmospheric pressure for a stoichiometric mixture. Black arrows represent the rate of reaction. Gray arrows stand for the main contributors to heat released in the flame.
Colson, Hayakawa, Kudo and Kobayashi, Journal of Thermal Science and Technology, Vol.11, No.3 (2016) ones from NH and NH2 to HNO and the one from NNH to N2. This reduction in the production of HNO is consistent with the reduction of NO emission observed by Hayakawa (2015) . The two main contributors to heat release, which are NH3+OH⇋NH2+H2O and NH2+OH⇋NH+H2O, are only weakly affected by a rise in pressure, which is consistent with a lower decrease in NH3 flame burning velocity with pressure, P -0.20 , than for CH4. Using Eq. (6), and as thermal diffusivity of NH3/air and CH4/air mixtures have the same pressure dependence P -1 , reaction time dependences on pressure are P -0.10 for CH4 flame and P -0.60 for NH3 flame, or using HRR characteristic reaction time simulation from the previous section, P -0.41 for CH4 flame and P -0.70 for NH3 flame. From Eq. (3), one finally obtains the extinction stretch rate pressure dependences of P 0.41 for CH4 flame and P 0.70 for NH3 flame, indicating a larger pressure exponent for the latter flame, which is consistent with the experimental and numerical results of the extinction stretch rate observed in previous section. Table 3 . Pressure effects on CH4/air stoichiometric flame reaction path (by main sub-path). Numbers denote the number given to the reactions in GRI-Mech 3.0 detailed mechanism. Index corresponds to the rate of reaction (RoR) of the subpath normalized by the one of the main first sub-path CH4⇒CH3. Sub-paths facing the greater changes are emphasized by bold characters. Colson, Hayakawa, Kudo and Kobayashi, Journal of Thermal Science and Technology, Vol.11, No.3 (2016) 
Nb
Conclusions
The extinction stretch rate of NH3/air counterflow premixed flames (twin flames) was observed experimentally and obtained numerically for various pressures and equivalence ratios. It was found that the order of the maximum extinction stretch rate for NH3 flame is 100 s -1 at atmospheric pressure and that it is reached for an equivalence ratio of 0.95. Comparison of experimental data with numerical data revealed that Tian's mechanism shows the lowest discrepancy to the experimental data among several detailed chemistries available for NH3 combustion. It was found that the extinction stretch rate of NH3 flame is extremely low compared with that of CH4 flame at atmospheric pressure. However, when pressure rises, the increase in extinction stretch rate is greater in the case of NH3 flame than in that of CH4 flame. The origin of this discrepancy between the two fuels was discussed on the basis of the Karlovitz number and the pressure effects on the characteristic reaction time. Using detailed chemistry, the pressure effects on the reaction mechanisms were investigated. It was found that the reactions which contribute the most to heat release process in CH4 flame are related to the consumption of the CH3 intermediate, through elementary reactions O+CH3 ⇋ H+CH2O, OH+CO ⇋ H+CO2, H+CH3+M ⇋ CH4+M, O+CH3 ⇒ H+H2+CO. Those reactions face competition by 2CH3+M ⇋ C2H6+M third-body recombination reaction when pressure rises. Thus, the influence of pressure on the heat release process and chemistry is relatively great in the case of CH4 flame. On the other hand, in the case of NH3 flame, the main heat release contributors are reactions NH3+OH⇋NH2+H2O, NH2+OH⇋NH+H2O and NO+NH2⇋N2+H2O, which remain preponderant in the reaction path when pressure rises. Here, the influence of pressure on the heat release process is lower. Using the Karlovitz number criterion for extinction of stretched flames, the extinction occurs when the characteristic reaction time and characteristic flow time become the same order. Thus, it can be stated that the extinction stretch rate and the characteristic reaction time show an opposite dependences as for pressure, and that the characteristic reaction time calculated on the base of detailed chemistry for NH3 and CH4 flames well agreed with the observations done on the extinction stretch rate.
